Since the end of the 1990s the Portuguese Iberian Pyrite Belt (IPB) is a typical European post-mining region with significant problems related to acid mine drainage (AMD), metal dispersion, mine waste management and unsafe mining infra-structures. The Portuguese government is providing particular attention on the sulphide abandoned mines and doing considerable investments on the mining recovery all over the country. The former Caveira mine was closed in the 1980s. It is considered an extremely impacted site due to the dimension of the areas affected by mining activities. Tailings, mine addicts and associated waste rock dumps, resulting from 129 years of pyrite and Cu exploitation, are spread along the Grândola stream. Despite the semi-arid climatic conditions of the area, the tailings are considerably eroded by the surficial waters, particularly during rainfall events. The past mining and smelting activities have resulted in severe contamination of the Grândola stream and its tributary by AMD (pH b 2) as well as degradation of surrounding stream sediments, soils and vegetation. In order to evaluate possible environmental risks, a sediment and surface water survey was carried out downstream the Caveira mine. The acidic effluent and mixed stream water show high Al, As, Ca, Cd, Cu, Fe, Hg, Mg, Mn, Ni, Pb and SO 4 concentrations, with several of these contaminants exceeding local and/or surface water quality standards. The data show a strong seasonal variation of surface water quality with poorer water quality during the dry and rainy seasons caused by evaporation and efflorescent salt dissolution, respectively. The variable flow regime at the local streams causes dilution of AMD rich in trace metals reaching background within 14 km downstream. The potential toxicity of stream metal concentrations was determined using cumulative criterion unit (CCU) scores and the modified AMD index (MAMDI), which highlighted As, Cd, Cu, Pb and Zn as the major sources of potential chronic stream toxicity, with emphasis on winter season. Although the threshold of the likely harm to aquatic life is exceeded at all sites, the two indexes highlight differences relating to the extension of contamination effects. The Average Index of Toxicity (AIT) showed that sediment contamination is very high even when the distance to mine promoted a decreasing in water metal concentrations, which are being precipitated in the sediments due to pH increase.
Introduction
The Iberian Pyrite Belt (IPB) is known as a mining district of worldwide significance, due to the unusual metal sulphide concentration of its large and medium sized mineral deposits. Mining activity in this district dates back to the Roman times and was an important sector of the Portuguese economy during the 19th and the first half of the 20th centuries. The majority of the mining activity ceased due to the ore exhaustion and to the introduction of new and more profitable techniques elsewhere, reducing the ore prices, which made the extraction of these mines unviable (Martins and Oliveira, 2000) .
Sulphide ore mines produce huge amounts of waste material that is often rich in pyrite and other sulphides. The exposure of these sulphurbearing minerals to the air and water promotes their oxidation and hydrolysis leading to sulphuric acid production, which is enhanced by the high reactive surface promoted by the mill processes. This situation is worsened due to the mine abandonment, associated with a lack of maintenance of tailings and waste dumps. In some cases, the occurrence of tailing impoundment disruptions has caused the discharge of potential harmful materials and the consequent contamination of soils and waters.
Pyrite, one of most abundant sulphide minerals, may be oxidised by biotic and abiotic processes. Sulphate, Fe and H + are released into solution forming what is commonly known as acid mine drainage (AMD) (Bigham and Nordstrom, 2000; Jönsson et al., 2006 (2)). The low rate of this reaction in acidic conditions is overcome by the occurrence of acidophilic bacteria that greatly enhances the Fe 2+ oxidation (Singer and Stumm, 1970 , and high acidity (8 times higher than oxidation of pyrite by O 2 ) (Eq. (4)). Actually, Fe 3+ is the only effective oxidizer of pyrite in acidic conditions (Singer and Stumm, 1970) . The ferric hydroxides, formed by Fe 3+ hydrolysis, precipitate as ochre coatings on stream beds affected by AMD and can also coat the pyrite surface preventing its oxidation. Thus, the AMD extent impact on the stream waters may depend on the pyrite content and its oxidation rate (Kim et al., 2003) . AMD has environmentally significant consequences by the high acidity, the leaching of toxic metals from wastes and their spread in the environment, affecting the delicate and highly vulnerable aquatic systems (Chapman et al., 1983; Herr and Gray, 1996; Protano and Riccobono, 2002) . The AMD with high concentration of SO 4 , Fe, Al and Mn shows pH values near 2 or lower (Chon et al., 1999; Nordstrom et al., 2000) . From an ecotoxicological point of view, greater attention has traditionally been paid to hazardous elements such as As, Cd, Cu, Hg and Pb, whose adverse effects on life are well established. The dissolved species of these elements may precipitate in the stream bottom under control of the chemical conditions from streams.
This study was intended to investigate and quantify the disturbances that occur in the surrounding environment of the abandoned sulphide mine of Caveira, on the basis of geochemical content and behaviour in the stream sediments and surface waters as the main receptors. In addition, the impacts of trace elements and AMD in biota were estimated. Considering that mining environmental impacts are site specific, the characterization and the understanding of these local contamination processes are crucial in the definition of an environmental remediation plan of the mining area.
Study area

Geographical and geomorphological setting
The Caveira mine is located in the NW extreme limit of the IPB, in the south of Portugal (Alentejo), and belongs to the Grândola municipality ( Fig. 1) . This is an abandoned sulphide mine, where mining focused mainly in the pyrite exploitation for sulphuric acid production. The degradation of the old mining quarters and the non-natural hill formed by the tailing deposits cause a striking visual impact in the landscape.
The geomorphology of the region is characterized by smooth reliefs, strongly controlled by the WNW-ESE major Grândola active fault. Close to the main streams the relief is moderate with slopes ranging from to 2 to 5%, whereas the neighbouring hills are dominated by long steep slopes (10%-35%) and intensely forested with eucalyptus. Since the mine closure, human occupation is very limited, where cereal agriculture (only in the northern sector) and forest are the main local land use.
The watercourses in the vicinity of the mining area belong to the Sado watershed, which shows a median slope of about 4%. The main watercourse of the region is the Sado river, with a length of 176 km and a medium flow rate of 8.7 m 3 ·s −1 (highly variable between summer and winter) (source: SNIRH-APA). Another important watercourse in this site is the Grândola stream that like other small streams in the region is temporary, with a medium flow rate of 1.44 m 3 ·s −1
, ranging from 0 to 123 m 3 ·s −1 among driest and wettest periods, respectively (source:
STREAMES). This situation may cause the fragmentation of channel during summer into a series of isolated pools (Morais et al., 2004) .
Geology and mineralization
The geological sequence at Caveira is represented from bottom to top by phyllites and quartzites (PQG), follow by a volcanic sedimentary complex sequence (VSC) unit (Late Famennian-Late Visean) represented by dark grey and siliceous shales and rare jaspers (Fig. 1) . In the northern sector late intrusive diabase rocks are identified. The Caveira antiform contacts south-westward, by a major thrust, with the flysch Mértola Formation (Upper Visean).
The Caveira structure is controlled by N-S and NE-SW late-variscan faults and the polymetallic massive sulphide mineralization is located along a structural lineament of the VSC (Fig. 1) , where the Volcanic Hosted Massive Sulphide (VHMS) type deposits are found (Oliveira et al., 2001 ).
The mineralization is distributed by several small massive sulphide orebodies: Salvador, António, Frederico, Pero-Cuco and Canal, with 22-65 m length dimension and 1.5-7 m thick. Two mineralised horizons are present in the western and eastern sectors of the Caveira N-S geological antiform structure, namely: Helena shaft sector hosting the Salvador-Esperança and NW-S João orebodies; and Luísa shaft sector hosting the Canal-Frederico-Francisco and Augusto-António orebodies (Castelo Branco, 1994; Matos et al., 2003a) . Canal, António and Frederico orebodies are associated with black shales and felsic volcanic rocks (Matos, 2006) and located near de VSC/PQG (Late Strunian) contact (Fig. 1) .
The mineralization of the Caveira is similar to that from Lousal (Matos and Oliveira, 2003; Strauss, 1970) and is dominated by pyrite (FeS 2 ), with variable amounts of chalcopyrite (CuFeS 2 ), galena (PbS) and sphalerite (ZnS). Other accessory minerals are pyrrhotite (FeS), marcasite (FeS 2 ), bournonite (CuPbSbS 2 ), tetrahedrite [(Cu 2 Ag 2 FeZnHg) 3 (SbAs) 2 S 6 ], arsenopyrite (FeAsS), cobaltite (CoAsS), goethite (FeOOH), magnetite (Fe 2 O 4 ), and native gold (Au) (Matzke, 1971; Strauss, 1970) . At the surface the sulphide mineralization is represented by narrow gossans and associated supergene kaolin alteration (Matos et al., 2003a) , mainly in the western sector of the mine (Salvador orebody -Helena shaft). The gossans are represented by massive to banded hematite, locally with limonite and minor amounts of jarosite, hosting locally important grades of precious metals, namely Au (4.5 mg kg − 1 ) and Ag (45-300 mg kg − 1 ). The grade of Cu is b10% and S 3-6% (SIORMINP, 2002).
Mining activity and environmental issues
The Caveira mine has a long exploitation history that started in the Roman period. A large number of shafts, galleries and in situ tailings (N2 Mt -Matos et al., 2003a) are presented in the mining area (Fig. 1) . The gossan and supergene zones of the two main horizons (Helena and Luísa shafts) were intensely mined between 1864 and 1886. The XIX century mine exploitation was conditioned by the site location (very isolated at that time) and by a great underground fire (1880 to 1882), related with pyrite spontaneous combustion (Matos and Martins, 2006) . The mining activities took place until 1919, during the period between 1936 and 1943 and from 1952 to 1958. The mining activity was responsible by significant downstream contamination (Cardoso Fonseca and Ferreira da Silva, 2000; Matos and Martins, 2006) . The mine is characterized by the main tailing (approximately 2 Mt), two small acid water dams, several ruins of the miner's quarters, a power plant, a mill plant and the roasting area (Fig. 1) . The main tailing is situated on the top of the Caveira central hill, in unstable slope conditions, showing intense rill and gully erosion, and causing an important visual impact in the landscape. The mine wastes cover an area of approximately 217,103 m 2 (Table 1) and these materials (composed of ore host rocks and sulphides) were dispersed in the high slope hills to facilitate the leaching process of the poor ore metal content. The liquors generated were then collected in a tank where copper cementation took place (Matos and Martins, 2006; Matos et al., 2008a Matos et al., , 2008b . Fieldwork carried out at Caveira mine revealed: (a) uncovered slopes due basically to the forest fires; (b) strong erosion of unprotected tailings; (c) large areas of gangue and extensive tailing deposits; (d) the easily circulation and percolation of rainwater over and through tailing materials, causing significant erosion and transport of tailings debris to areas nearby and downstream; (e) the damaged and insecurity of the dam constructed to avoid the AMD and the mechanical transport of tailing materials into the Grândola stream, where the wall was breached with explosives by the locals that use the accumulated water in the dam to prevent skin diseases like psoriases (the degradation of this structure has been increased by the erosion); (f) the use of the mining slag in road pavement, reported since the 60s, which strongly contributes to the contamination dispersion; (g) very dangerous open pits, shafts and ruins; and (h) the presence of old mining infrastructures, such as the power plant and the mill plant, the roasting area, and a small acid water dam (Fig. 1) .
The degradation of mine facilities causes the uncontrolled movement of waste material and contaminated water from the mine area. Thus, the sediments located downstream and close to the tailings show a black tinge due to the inputs of eroded tailings, whilst the stream water shows frequently a reddish colour related with AMD processes. 5 -diabases; 6 -chloritic shales; 7 -basic volcanics, spilites. Rare jaspers (J); 8 -siliceous shales. Jaspers (J); 9 -dark grey shales; 10 -aphanitic well cleaved felsic volcanics; 11 -well cleaved felsic volcanics. Cherts (Ch); 12 -poorly cleaved felsic volcanics, locally granular. Quartz-sericite hydrothermal alteration (qs). 13 -massive sulphides gossanized. Phyllite-Quartzite Group (Late Strunian): 14 -shales and quartzites. 15 -thrust; 16 -fault; 17 -geological limit. Mining: Tailings: E1 -coarse leached massive and semi-massive pyrite + host rocks (dark grey shales and felsic volcanics); E2 -fragmented pyrite ore, locally mixed with colluvionar deposits (T); E3 -host rocks + rare pyrite; E4 -slag and roasted pyrite produced in the XIX century, probable rework of Roman slag; E4b -Roman slag in situ. Da -acid drainage zone in downstream areas of the main mine tailing. Landfills: IL -industrial (mining); UL -urban. Other: W -acid water dam; 18 -open pit/strong slope; 19 -mining building; 20 -stream; 21 -road/track. Hayford-Gauss coordinates indicated in km.
Materials and methods
Sampling and sample preparation
The fieldwork included the identification and sampling of the different acid mine effluents and stream waters, as well as stream sediments. In addition, samples from the massive sulphide host rocks and tailing materials were also collected.
3.1.1. Rock, pyrite ore and tailing waste samples Volcanic massive sulphide host rocks [phyllites and quartzites (PQ), quartz-feldspar porphyritic volcanics (Va1), felsic volcanics (Va2), gossan (G), black shales with disseminated pyrite ore (BSPy)] and tailing waste samples (E1, E2, E3, E4, E4b) were collected from the study area.
About 1 kg of each rock sample was dried at 40°C, crushed with a jaw crusher, pulverized in a mechanical agate mill and reduced to 250 g by coning and quartering, where aliquots of 30-50 g of each sample were separated for chemical and mineralogical analysis.
3.1.2. Stream sediment samples 14 samples were collected along the study area (Fig. 2 ) during the spring season (SPS) campaign. Samples affected by AMD were collected from Grândola stream (SS7 to SS10 and SS14) and its tributary (SS1 to SS6). Samples from unimpacted sites were collected from the upstream section of the Grândola stream (SS13) and Canal stream (SS14), representative of local geochemical background, and from Sado river (SS11 and SS12).
The samples were collected with a plastic spade, transferred to precleaned plastic bags, sealed and taken to the laboratory, where they were oven dried at 40°C, until a constant weight was attained. Then, samples were disaggregated, sieved through a b177 μm mesh aperture plastic sieve and grinded in an agate mill. This fine sediment fraction is particularly useful for estimating the relative degree of pollution and to distinguish natural (geogenic) and anthropogenic sources (Kralik, 1999) . Aliquots of 30-50 g of each sample were separated for analysis through coning and quartering homogenization to get a representative subsample related to the original sample.
Water samples
Acid mine waters, stream water affected by AMD, and unpolluted stream water samples were collected during three seasonal periods: after a rainy period (winter season: WIS), during normal flow conditions (spring season: SPS), and in a dry period without or with very scarce rainfall episodes (summer season: SUS). Acid mine waters were taken from the flowing channels: water flowing from the waste piles E1 (AMW3); and from the impoundment (sample AMW4). Downstream water near the Caveira mining area and affected by AMD was collected from Grândola stream (samples SW7, SW8, SW9 and SW10) and from its tributary (SW1, SW2, SW5 and SW6) (Fig. 2) . The unimpacted sampling sites were the Sado river (SW11 and SW12), the upstream section of the Grândola stream (SW13) and the Canal stream (SW14) (Fig. 2) and, where these two last samples were considered as the local geochemical background. Some of these sampling points are ephemeral, being active only after rainfall episodes.
Water samples for chemical analysis were collected with syringes and Millipore standard sampling equipment, filtered in the field through 0.45 μm Millipore cellulose filters and stored in clean 250 mL polyethylene bottles (ASTM, 1984) . Two sets of samples were collected at each site: (1) those destined for cation analysis were acidified with 35% HNO 3 to pH less than 2.0; and (2) unacidified samples for anion analysis. Field blank preservation follows the same procedure as samples. Samples were transported in an ice box and then stored at 4°C in a freezer prior to laboratory analyses.
Methods
Field parameters
Temperature (T), pH, and electric conductivity (EC) were measured in situ at each sampling site. The pH was measured with a HI 8424 pH meter from HANNA, previously calibrated (Titrisol standard solutions) at pH 4.0 and 7.0 (25°C). The EC was measured using a HI 8633 multirange electric conductivity meter from HANNA, previously calibrated with a 1413 μS cm −1 standard solution (25°C).
Chemical analysis
3.2.2.1. Rock, pyrite ore, tailing waste and stream sediment samples.
Multielemental chemical analysis was conducted on powdered rock and sediment samples (b 177 μm) at ACME Labs (Anal. ISO 9002 Accredited Lab -Canada). The selected samples were fused with lithium metaborate (LiBO 2 ) followed by a multi-acid digestion (HCl-HF-HNO 3 -HClO 4 ) dissolution. The solutions were analysed by inductively coupled plasma emission spectrometry (ICP-ES) for major elements. For trace elements analysis (Ag, Al, As, Bi, Cd, Co, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, and Zn) a 0.5 g split was leached in hot (95°C) aqua regia (HCl-HNO 3 -H 2 O) for 1 h, followed by a dilution to 10 mL with distilled water and analysed by inductively coupled plasma mass spectrometry (ICP-MS). It should be noted that an aqua regia digestion do not dissolve all minerals, particularly silicates. Although, the results obtained for metals/metalloids are considered as total concentrations, due to the fact that this acidic mixture totally decomposes sulphides, which are the major sources of these elements (Alvarez et al., 2006) . The determination of total carbon (TC) and sulphur (TS) were performed in ACME Labs using a carbonsulphur analyser from LECO. The loss on ignition (LOI) was determined by weight difference after ignition at 1000°C. The detection limits for trace elements were: 0.1 mg kg − 1 for Ag; 0.3 mg kg − 1 for As; 0.2 mg kg −1 for Bi and Cd; 1 mg kg −1 for Co, Cu, Hg, Mo, Ni and Zn; 3 mg kg −1 for Ba, Pb, and Sb; 0.01% for C, Fe and S. The analytical precision was determined by inserting blind duplicates to approximately 10% of the total of samples. Analytical accuracy was determined using the standard reference materials SO17/CSB for major elements, DS4 and DS5 standards for trace metals. The results were within the 95% confidence limits of the recommended values for these certified materials. Overall, analytical precision was ±4% for the trace metals analysed.
Water samples.
Unacidified samples were analysed by ion chromatography (IC) using a Dionex 1000i workstation to determine the Cl − , NO 3 − and SO 4 2− concentrations. An isocratic elution with a sodium bicarbonate-sodium carbonate solution was employed together with a Dionex AS4-SC column. The HCO 3 − concentration was determined in situ by volumetric titration with sulphuric acid on filtered unacidified samples. The concentrations of major cations (Ca, K, Mg and Na) and trace elements (Ag, Al, As, Bi, Cd, Co, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, and Zn) in acidified samples were determined by ICP-MS at ACME Labs. Rigorous water data quality control was conducted by inserting reagent blanks, duplicate samples and standard reference materials (WASTWATER3) into each batch to check the validity and reproducibility of the results (Ramsey et al., 1987) . Typical uncertainties including error sources were b6% for all the trace elements, whereas for major anions, the uncertainties lie between 2% and 7%, depending to the concentration levels. The detection limits for major anions and cations (Ca, Cl, K, Mg, Na, NO 3 and SO 4 ) determinations was less than 1 mg L Di Toro et al. (1990) , stream sediment data provide a useful screening tool for identifying areas that may warrant more costly and time-consuming toxicological field studies. MacDonald et al. (2000) proposed consensus-based stream sediment quality guidelines for 28 metals and organic compounds for freshwater ecosystems. Two consensus-based values are reported for each potential contaminant: (1) the threshold effect concentration (TEC) is the concentration below which harmful effects are unlikely to be observed; and (2) the probable effect concentration (PEC) is the concentration above which harmful effects are likely to be observed. These guidelines can be applied not only for individual contaminants, but also to sets of several metals and compounds to estimate their combined toxic effects. The individual PEC quotient (PEC-Q), calculated by the chemical concentration of sediments in study site divided by the PEC SQG (sediment quality guidelines) chemical concentration, allows to infer about the expected adverse effects on benthic organisms (according to the consensusbased sediment quality guidelines), where the toxicity level increases from level 1 to 4.
In the case of metals, a mean PEC-Q (mPEC-Q) was calculated based on the PEC-Q summing of individual metals and dividing by the number of metals. The Average Index of Toxicity (AIT) values was estimated according the formula AIT = 101.48 (1 − 0.36 mPEC-Q ), which allows to estimate the probability of observing sediment toxicity (MacDonald et al., 2000) .
Stream water data
Polluted mining sites are likely to contain a mixture of metals which in turn might have additive effects reaching chronic concentration. Work carried out by several authors leading to the definition of the cumulative criterion unit (CCU -Clements et al., 2000) , based on total metal concentration and toxicity measurements. The CCU is calculated for any site, based on the U.S. Environmental Protection Agency toxicity thresholds (USEPA, 1986) according to the following formula:
where m i is the total recoverable metal concentration and c i is the criterion value for the ith element. This criterion has been already applied to analyse the response of different organisms to metals in streams (Clements et al., 2000; Hickey and Golding, 2002; Hirst et al., 2002 
), and Zn (120 μg L −1 ) were chosen according to the data published from USEPA (1986, 1999, 2002) . Metals/metalloids below the detection limit are not included in the CCU calculation. Assuming that toxic effects are additive the 1.0 value represents the limit from which would be expected to notice adverse effects on the aquatic organisms. Thus, background sites were defined for CCU values below 1.0 (Guasch et al., 2009) . The low metal category consisted of those sites with a CCU ranging from 1.0 to 2.0; the medium metal category consisted of sites with CCU values between 2.0 and 10.0 (Guasch et al., 2009) ; and values higher than 10 are considered as belong to the high metal category.
The modified acid mine drainage index (MAMDI) (Kuma, 2011) was determined for the purpose of categorizing the water quality and to detect the impact of AMD in the stream waters at each sampling site. This estimation is based in the acid mine drainage index (AMDI) (Eq. (6)) proposed by Gray (1996) . Few modifications were introduced in the original ADMI assumptions, basically associated with the number of variables in the definition of each parameter (qi) used and the respective parameter weighting factor (wi), since even with the introduction of a correction factor to the ADMI equation, to adjusts the missing variables, was not proven to be practical (Kuma, 2011) .
Thus, based on the modified water quality ratings (qiwi) defined by Kuma (2011) it was possible to achieve the correspondent water quality score of each parameter (the lower the score is, the more serious the contamination). With these score values was calculated de MAMDI (Eq. (6)) of each water sample.
Speciation and saturation states of waters
The PHREEQC code (version 2.0; Parkhurst and Apello, 1999) was used for calculating the activity and chemical speciation of dissolved species and the saturation index of minerals [SI = log (IAP / Ksp)], where SI is the saturation index, IAP is the ion activity product, and Ksp is the solid solubility product. The calculus were conducted with WATEQ4F (Ball and Nordstrom, 1991) thermodynamic database. Solubility constants [KS] from literature were used for other minerals not considered by the thermodynamic database used, such as schwertmannite. Zero, negative and positive SI values indicate that the solutions are theoretically in equilibrium, undersaturated, and supersaturated, respectively, with respect to a solid phase. Thus, a supersaturation state indicates that reaction will tend to proceed in the way of the precipitation of the considered solid phase (i.e. the solution does no have or show a low ability for the dissolution of that mineral phase), whereas the undersaturation state indicates the condition of solution to the dissolution of the respective solid phase. However, these index values are not strictly determinatives of precipitation or dissolution states, since these reactions depend also on the kinetics.
Results
Volcanic massive sulphide host rocks and waste pile material characterization
Largely unconsolidated and unvegetated waste piles of sulphide ore, sulphide-bearing waste material and non-mineralised host rock materials occur at the mine site. Representative samples collected from host rock material [phyllites and quartzites (PQ), quartz-feldspar porphyritic volcanics (Va1), felsic volcanics (Va2), gossan (Gos) and black shales with disseminated pyrite ore (BSPy)] were chemically analysed and the major and trace element concentrations are reported by Reis et al. (2012) .
The volcanic massive sulphide host rock samples show, in general, low concentrations of trace metals. High concentrations of Ba were determined in Va1 and Va2, Cu and Pb in Va2, and As, Au, Cu, Hg, Pb and Sb in BSPy samples. The PQ samples show the highest Zn concentrations (Reis et al., 2012) .
The E1, E2, E3, E4 and E4b waste classes are different in composition, showing high contents in Ag (1.5-100 mg kg ) (Reis et al., 2012) . The E1 waste class is related with the main tailing (up to 6 m thick), which causes a strong impact on landscape. These wastes were produced by the extraction and metal recovery processes used to exploit the primary deposit are characterized by high amounts of coarse brittle sulphide ore (pyrite, chalcopyrite, galena, sphalerite, arsenopyrite, and minor tenantite) and high concentrations of As, Ba, Cu, Hg, Pb, Sb and Sn. This waste material, located at the top of the central hill, lies under instable slope conditions, being deeply eroded and showing signals of leaching process by acid mine waters. In the base of the main tailing, wood channels (presently inactive) were used to transport enriched metals' acid waters to the Cu cementation tanks located in the eastern mine sector (Fig. 1) .
The waste material corresponding to E2 class is located downstream from the mine and probably corresponds to a downslope transported material, linked to the mechanical erosion of the Caveira main tailing (E1). This material, defined by b 2 cm size fragments, got similar composition to E1 and is enriched in Ag, As, Ba, Cd, Cu, Hg, Pb, Sb, Sn and Zn (Reis et al., 2012) . Secondary minerals as efflorescent salts occur as a result of weathering, oxidation and dissolution versus precipitation processes.
The E3 class is defined by a major percentage of host rocks and also include the wastes related to the gossan exploitation.
The E4 class, in the northern Caveira mine sector, consists of modern (XIX century) slag, linked to open-air pyrite roasting (teleras method). This roasting method was commonly used in IPB mines and consisted in slow open-air calcination of pyrite (Vara, 1963) . The Roman slag wastes (E4b class - Fig. 1 ) are common in the eastern sector of the Caveira mine as in situ stable thin layers (b2 m), well vegetated by specific grass plants (Rumex). All these materials reveal high As, Cu, Pb, Sb and Zn concentrations and show significant haematitic alteration and secondary Cu minerals.
Stream sediment sample characterization
The stream sediment samples show a heterogeneous geochemical pattern (Table 2) with a large range of concentrations (56-420 mg kg (Table 2 ). The highest concentrations of Fe (7.65-37.3%), Al (8.9-14.5%) and S (0.42-9.9%) in the sediments located around the mine waste and tailing impoundments are explained by the large amounts of Fe-oxyhydroxides and sulphates precipitated in the stream bottom. Stream sediments affected by Lousal and Caveira mines reveals that kaolinite, mica, chlorite and Fe-oxyhydroxides were the major mineral phases identified in the size fine fraction (Cardoso Fonseca and Ferreira da Silva, 2000) .
In general, the amounts of S are higher in more contaminated samples since metals are preferably associated with sulphide minerals (Table 2) . Contrary, the amounts of C tends be higher in uncontaminated or low AMD impacted samples (Table 2) , which is explained by the greater biological productivity in these streams, contrary to highly AMD impacted sites where the life proliferation is very limited. With exception of sample SS4, the LOI values are not highly variable, once the decrease of C species in contaminated samples is compensated by an increase in sulphur species and the opposite is found for uncontaminated samples (Table 2 ).
Acidic mine water sample characterization
Field parameters and chemical composition of the studied acid mine water samples are reported in Table 3 .
The most important AMD discharges at the Caveira mine come from the leaching of the E1 tailing (AMW3) and from the impoundment (AMW4). The pH values measured on acidic waters emerging from the tailings range from 1.1 to 2.7. Also, a high EC (up to 76.4 mS cm ) were determined. A positive correlation (r = 0.70; p b 0.05) has been found between EC values of these waters and dissolved SO 4 , which confirms EC as a good indicator of the degree of contamination of the waters affected by AMD, especially when coupled with pH measurements (Sánchez-España et al., 2005) . Trace elements are also significantly enriched in these acid waters and vary seasonally, being the high metal concentrations founded in winter and summer seasons ( Table 3) . The link between higher SO 4 and metal/metalloid concentrations (Fig. 3) indicates an important oxidation and subsequent dissolution of sulphides (pyrite, chalcopyrite, sphalerite, galena and arsenopyrite). According to the conventional Piper diagram (Freeze and Cherry, 1979; Piper, 1944) , these waters are classified as FeMg(Ca)-sulphated type and are plotted in the field of "high acid/ extreme metal" in the Ficklin diagram (Ficklin et al., 1992) ( Fig. 4) . In general, these AMD show concentrations of total dissolved solids (sulphate and metals) which are comprised within the ranges usually reported for VMS-type deposits (Plumlee et al., 1999) . 
Stream water chemical characterization
The physicochemical parameters and concentrations of major cations, anions and trace elements determined in the stream water samples are summarized in Table 4 , according to winter, spring and summer collection periods. Data are grouped according to sampling site characteristics (i.e. impacted stream and mixing zone at the Grândola stream, and uncontaminated Sado river and Canal stream).
The impacted stream showed unusually high contents of trace metals, among the highest values reported for uncontaminated surface waters (Reimann and de Caritat, 1998 Ca, Mg, Fe, Si and SO 4 , and trace element contents show a decreasing tendency downstream as the water moves away from the waste mine dumps, whereas the pH values tend to increase. These waters are plotted in the field of "acid/high metal" and also "near neutral/high metal" in the Ficklin diagram (Fig. 4) .
The uncontaminated natural stream water samples (SW13 and SW14) are characterized by circumneutral pH values (7.3-7.7), low EC values (320-890 μS cm −1 ), low SO 4 and Cl contents and very low metal/metalloid concentrations. Most trace element concentrations are at or below the analytical detection limit (e.g. Bi and Cd) and are not significant contaminants in the stream prior to mixing with the acidic effluent. These waters are plotted in the field of "near neutral/low metal" in the Ficklin diagram (Fig. 4) .
Discussion
The circulation and percolation of rainwater easily over and through the tailing materials is responsible for the significant chemical elements leaching, erosion and transport of tailing debris to areas nearby and downstream (Cardoso Fonseca and Ferreira da Silva, 2000; Ferreira da Silva et al., 2009; Mateus et al., 2008; Matos, 2006; Matos et al., 2003b) . The heterogeneity of mining wastes in Caveira mine area facilitates the reaction of water and oxygen with fine brittle pyrite rich materials, promoting the formation of sulphuric acid and the decreasing of water pH at values less than 2.0 (Bell and Bullock, 1996) . Also ferrous and ferric sulphate dissolution and ferric hydroxide precipitation give rise to acidic conditions in the tailing deposits. The increasing of As, Cd, Co, Cu, Hg, Mn, Ni, Pb, Zn and SO 4 contents and EC values in waters indicates a progressive dissolution of polymetallic sulphide ores. Also the Al, Ca, K, Mg and Na concentrations are indicative of the host rock mineral dissolution (volcaniclastic rocks, silicified vitric tuffs, black shales, etc.) enhanced by the low pH conditions. These highly acidic waters from the tailing piles were observed to flow into the nearby streams, causing their contamination, where significant concentrations of Al, Cd, Cu, Fe, Mn, Pb, Zn and SO 4 were observed in the stream waters near the main tailing deposit, and similar to other AMD case studies (Boult et al., 1994; Brake et al., 2001; Sainz et al., 2003; Sracek et al., 2004) . The main input was observed near sample AMW3, where a disruption in the wall of the dam allowed the output of acidic water (pH~1) with high concentrations of trace elements (Table 3) . Also in samples SW2, SW5 and SW6 the pH values are very low (Table 4) indicating the influence of highly acidic waters draining from mine tailings.
The concentrations of the most harmful metals and metalloids are 15 to 71,250 times higher than the background levels (samples SW13 and SW14 - Table 4 ) and consistent with those expected in mining areas impacted by sulphide rich tailings.
Once the AMD sulphate rich waters mixture with the stream waters (affluent of Grândola stream) the concentration remained fairly constant until it was diluted somewhat by uncontaminated water from the Grândola stream, which causes a progressive neutralization and ion precipitation downstream (SW2 to SW10 - Fig. 2 ). The Grândola stream profile showing that near the main tailing deposit the stream waters are seriously contaminated with As and sulphide-related heavy metals (Table 4) , where approximately 1 km downstream the pH value stills low. These particular conditions of the Caveira downstream area reflect the local topography and the reduced clean water affluent inputs.
The water collected in the Sado river, upstream the confluence with Grândola stream (sample SW11), showed that the concentrations of Al, Cd, Fe, Pb and Zn were higher than the background values presented by Ferreira da Silva et al. (2005) for the Sado river (Table 4) . These values show the influence of the Lousal mine that are responsible for the increase of trace elements (mainly Pb and Zn) in this river.
The waters from the Canal stream (samples SW13 and SW14) are mainly in the near-neutral and low metal field, since they are not under the influence of the mine. Hydrolysis of the alkali earth minerals may result in the formation of buffering complexes like bicarbonates, which maintain more or less constant the circumneutral pH of this stream, representing the original characteristics of natural waters from this site.
As shown in Tables 3 and 4 , the chemical composition of the surface waters is not markedly conservative through the different seasons. In the summer the flow rate in the stream is reduced and the pH tends to decrease during this dry period, mainly in the zones closer to the tailings. Thus, the increase of sulphate and metals/metalloids in waters in summer is explained by a chemical saturation in waters due to evaporation processes, whilst in winter the high amounts of metals/metalloids and sulphate in the waters are explained by their release from sulphate efflorescence dissolution promoted by rainfalls, previously precipitated during the dry period, as described in other mining areas by several ) as a function of pH in AMD waters and stream waters of the impacted Grândola stream and its tributary and unimpacted sites (Plumlee et al., 1999) . authors (e.g. Alpers et al., 1994; Kimball, 1999) . For these reasons, summer and winter sampling periods show the highest metals and sulphate concentrations in acid mine waters, whereas in spring sampling period the dilution effects overlap to the fast efflorescent dissolution recorded in the winter period and the intense evaporation processes promoted by the high temperatures in summer (Table 3) . Otherwise, the stream waters collected in spring season (Table 4) show, in general, slightly higher metal contents than that ones collected in winter. This may be explain by the greater water input in main streams by their tributaries in winter, caused by rainfall episodes (more frequently in autumn and winter), promoting dilution effects, that at some point, surpass the effects caused by sulphate dissolution. In spring season, the increase of temperature and the reduction of rainfall episodes, cause a decrease of clean water influx to the streams affected by AMD, which lead to greater amounts of total dissolved solids in stream waters, with a cumulative trend until summer. This point out that different contamination patterns are expected according to waters typology (stream waters or tailing runoffs) along the year.
Iron is easily hydrolysed forming solid hydroxides when the acidic waters discharge to the higher pH stream waters (samples SW7 to SW10). The high pH of streams results in the precipitation of most of the metals, giving rise to low metal concentrations in the stream waters and high metal concentrations in the stream sediments (Tables 2 and 4 ). This agree with Chapman et al. (1983) who found that mechanisms of sorption, precipitation and dilution accounted for the attenuation of metals in AMD affected streams from New South Wales, Australia.
Considering the levels of the trace elements determined in the different geochemical compartments studied, three elements highlight as of the greatest concern, being As, Hg and Pb. In some cases, even in the samples representative of the background, the levels of these elements are significant high. Also Reis et al. (2012) pointed out these elements as the most important potentially harmful contaminants in soils for this mining area. A relevant aspect is related with Hg, which shows low concentrations in the acid mine waters draining from the tailings (Table 3) , but very high concentrations in the most acid stream waters during summer sampling period (Table 4 ). The source of Hg is probably associated with the BSPy rocks, as demonstrate by the high Hg concentrations in those samples as well in the E1 tailing (Reis et al., 2012) . Cadmium is also particularly relevant in the waters with lowest pH.
Water quality criteria for chemical elements, which represents levels that when exceeded may be harmful to aquatic organisms, were used in this study. As the criterion values are only available for individual elements, alternative models are necessary to estimate toxic effects of metal mixtures, hence the derivation of the CCU was used (Clements et al., 2000) . The EPA metal thresholds considered are based on toxicity tests of species from different trophic levels, including macroinvertebrates (Hirst et al., 2002) . The enrichment factors (CCU) calculated with respect to the EPA guidelines showed that the concentrations of Al, As, Cd, Cu, Fe, Mn, Ni, Pb and Zn were enriched and exceeded their maximum permissible levels (Table 4) .
According to the results, the sampling sites under influence of AMD discharges show CCU scores greater than 1 and slightly higher in summer than in winter and spring seasons (Table 4) . Thus, exceeding the conservative estimation of the total metal concentration likely to cause harm to aquatic organisms (Clements et al., 2000) . The CCU scores decreased from upstream to downstream in the three sampling seasons (Table 4 ; Fig. 5a ). The winter results indicate that Al, Cd, Cu, Fe, Pb and Zn were the major cause of potential impairment and, to a lesser extent, Mn and Ni. The summer scores followed a similar trend, with Al and Fe remaining the major sources of potential toxicity. The scores were significantly higher at the area near the main tailing deposit, although the reference sites (SW13 and SW14) didn't show significant variation among the different seasons (except for sample SW14 in the summer season) (Table 4) .
However the variability between AMW3 and AMW4 sites was always much higher than temporal changes, showing that during the year the volume of water percolation inside the tailing deposit remains constant, whilst in the studied streams (the impacted Grândola stream and its affluent and Sado river) the flow decreases in the summer period and low dilution is observed.
Fish and other macroscopic organisms are absent in the zone affected by AMD. According to Brake et al. (2001) , the relative absence of aquatic life in this environment suggests that contamination has probably disrupted food chain relationships, discouraged animal habitation and interfered with normal biogeochemical cycling of the stream system. Aluminium, for instance, has been shown to be lethal to fish at concentrations as low as 0.2 mg L − 1 in a pH range of 4.4 to 5.9 (Cronan and Schofield, 1979) . Witters et al. (1996) , acute respiratory dysfunction and mortality of fish can occur in areas where aluminiumrich acidic waters mix with neutral waters. The MAMDI showed very low scores for water samples near the tailings and similar among the different seasons. This is indicative of the high harmful contamination risk, which are in agreement with the high CCU scores. As the distance to the tailings increases a distinction of the MAMDI scores becomes evident, where the lowest values were found for winter, indicating a greater impact of these samples for AMD. However, at some points the CCU and MAMDI scores do not overlap as could be expected. This is due to the number and weights of parameters used for each index calculus, but also points out the relevance of the selection of the indexes that better defined the extension and magnitude of contamination.
High variations in chemical concentrations in sediment were found mainly due to the influence of the tailing piles scattered along the stream profile. The high concentrations of As, Ba, Cd, Cu, Hg, Pb and Sb in the sediments reflect the mechanical weathering and dispersion of the tailing deposits (Table 2 ). According to Mateus et al. (2008) the dispersion of the trace elements, especially Cu, Pb and Zn in sediments, is almost confined around the main tailing. The upstream sediments were found to exhibit a brownish natural colour, typical of clayey weathered ones, whilst in the downstream they were greyish in colour due to the presence of unoxidized sulphide material from the tailings.
In order to assess the quality of the streams at the mining area, total concentrations of As, Cd, Co, Cu, Fe, Mn, Ni, Pb, Sb and Zn were compared to the "Consensus-Based Sediment Quality Guidelines", developed by the Contaminated Sediment Standing Team (CSST, 2003) . In Grândola stream, the PEC level is exceeded for As, Cu, Fe, Pb, Sb and Zn in most of the analysed samples and punctually for Ni and Cd. MacDonald et al. (2000) propose an incidence of toxicity index allowing the quantification of potential contamination that gives a better perception of the degree of contamination at the site. The AIT results show that the impacted streams range from 80 to 100% (Fig. 5b) revealing that toxicity to fauna is extremely high. Although the concentration of metal/metalloid was being reduced in waters with distance, the pH increase causes their precipitation on sediments.
In fact, water-sediment interactions are crucial in the metal/metalloid behaviour and mobility. In acid sulphate drainage waters the solubility appears to be controlled by a variety of Al/Fe oxides, oxyhydroxides, and sulphate phases as goethite, gibbsite, alunite, and jurbanite (Karathanasis et al., 1988; Monterroso et al., 1994) . Probably, the most widespread feature of the study area is the ubiquitous presence of yellow to reddish-brown sediments in the banks of the rivers affected by AMD. These so-called "ochre precipitates" consist of Fe-phases precipitated from the AMD. In contrast with other well crystallized products of pyrite oxidation, such as hematite or goethite, these mine drainage minerals (MDM; Murad et al., 1994) consist of poorly crystallized oxyhydroxides and oxyhydroxysulphates of fibrous to spherical morphology such as ferrihydrite and schwertmannite, in addition to jarosite and goethite, showing extremely small particle size (b 1 nm spherical particle diameter) (Bigham et al., 1990 (Bigham et al., , 1996 Carlson and Schwertmann, 1981; Dold, 2003; Fukushi et al., 2003; Kawano and Tomita, 2001; Majzlan et al., 2004; Murad et al., 1994; Nordstrom and Alpers, 1999; Regenspurg et al., 2004; Williams et al., 2002; Yu et al., 1999) , which greatly enhance the reactive surface area, allowing the metal adsorption to these mineral phases.
An equilibrium mass-balance model has been used to calculate the elemental aqueous speciation and the stability of solid phases with respect to the dissolved constituents. The geochemical speciation model PHREEQC (Parkhurst and Appelo, 1999) was used to calculate the distribution of species and the values of saturation index (SI) for certain minerals. The geochemical prediction indicates that the dissolved metals in the acid mine waters from the impacted and Grândola streams are likely present in the form of their individual free ions (Me n+ ). Equilibriumspeciation modelling indicates that most of the samples collected in the Grândola stream were oversaturated with respect to gibbsite, goethite and amorphous Fe(OH) 3 (Table 5 ). Langmuir and Whittemore (1971) suggest that Fe(OH) 3 and poorly crystalline goethite are the first ferric phases to precipitate in streams impacted by acid mine waters, which tends to be converted into more stable phases over time, such as crystalline goethite or hematite. Overall, SI values (Table 5) were lower in winter and higher in spring, with respect to Fe-oxyhydroxides, which was in agreement with MAMDI scores that tend to be lower in winter, indicating greater metal/metalloid dissolution in waters. Almost all the samples were strongly oversaturated in CuFeO 2 (sample SW6 is the only one that was undersaturated for all sampling periods). Calcite was near saturation in samples SW7, SW8, SW10 and SW11 in summer, whereas S10 was even oversaturated for calcite and dolomite in spring. Samples SW2, SW5 and SW6 were the only ones where Cu (metal) and PbSO 4 were close saturation. The SW5 sample (in spring) is oversaturated in relation to gypsum.
At Caveira mining site, during dry periods, water flowing from the tailings and dam forms small dispersed ponds throughout the Caveira site. Evaporation of these waters (in dry periods temperature is higher than 30°C) causes co-precipitation of metal ions in the sulphate efflorescences, mainly in melanterite (FeSO 4 ·7H 2 O), but other efflorescent salts are observed such as rozenite (FeSO 4 ·4H 2 O), hexahydrite (MgSO 4 ·6H 2 O), epsomite (MgSO 4 ·7H 2 O) and gypsum (CaSO 4 ·2H 2 O). These sulphate minerals are important as both sinks of metals and acidity during precipitation. Although, due to the ephemeral nature of the most of these minerals (highly soluble), sulphate and metal ions are fast released when exposed to moisture (Cravotta, 1994) . The particular salts precipitated at each site are a function of local solution composition, pH and relative humidity. They play an important role in the cycling of trace metals between aqueous and solid solutions (Jambor et al., 2000) .
In general, based in these water: sediment concentration ratios, the most conservative elements (less affected by pH changes) in the water samples analysed were As b K b Na b Ca b Mg b Fe b Pb, whereas the less conservative (more affected by pH changes) were Cd N Ni N Zn N Co N Mn N Cu. Aluminium and Hg precipitations are moderately affected by pH modifications in waters. This is an important aspect to take into consideration because despite the fact that concentrations of trace elements are higher in acid water conditions, for some potential harmful elements, such as As and Hg, the precipitation on sediments is not highly dependent on pH variations. This is a matter of concern since pH is one of the remediation processes most used for the reduction of metal/metalloid concentrations in contaminated waters.
Conclusions
The Caveira mining area is under extremely environmental risk, mainly caused by AMD processes and metal/metalloid contamination in waters, sediments and soils that greatly affects the biota and the ecosystems surrounding the mine site.
The higher element concentrations are observed in the Grândola stream close to the old mine works. The patterns of these elements in the stream sediments and surface waters located downstream and downslope of the tailing site suggest that the dispersion is greatly controlled by erosion and transport of tailing materials and by the action of strong acid waters formed from the sulphide oxidation. Levels of chronic pollution by dissolved metals determined by CCU and MAMDI scores illustrate significant temporal differences between sampling sites and seasons, suggesting potential chronic toxicity at all sites, particularly within the impacted stream and most harmful during winter season. Although punctual distinctions in the classification of the environmental risk for biota is possible using both indexes.
The rainy and dry seasons are the most problematic periods due to the dissolution of efflorescent salts that are important sinks of metals and acidity, and due to the increase of water concentration favoured by evaporation processes, respectively. In periods between these two extreme season periods (rainy and dryness) the contamination impacts are attenuated due to the persistence of dilution effects and low evaporation (temperate situations).
For a successful reclamation of the Caveira abandoned mine, a proper rehabilitation plan should be defined, which is only possible if contamination processes are conveniently understood. The determination of risk assessment indexes for waters and sediments revealed to be useful to global definition of the magnitude and extension of the contamination. Although the differences found in scores between different indexes also pointed out that a proper site evaluation should include a cross data of precipitation along the year and the influx along the stream profiles, receiving or affected by tailing materials and AMD.
